The molecular chaperones GroEL and
thermal inactivation but kept the denatured protein soluble and thereby prevented its aggregation. Reactivation of this soluble and inactive form of MDH could be achieved by addition of GroES even after 120 days of storage at -20C. Protection could be extended for more than 24 hr at 37C and was observed at molar ratios of chaperones to MDH as low as 1:4, suggesting that GroEL and GroES perform multiple turnovers in the absence of auxiliary chaperones. The availability ofthese chaperones in large quantities combined with the apparent promiscuity of GroEL binding shows great potential for stabilization of many proteins for which thermostable variants are not available. We speculate that GroEL and GroES perform similar protective roles in vivo and thereby increase the half-life of proteins which otherwise might aggregate under physiological conditions. Although many isolated polypeptides can fold in vitro in a spontaneous process dictated solely by their primary structures, recent studies suggest that folding of proteins in vivo requires ubiquitous class of accessory components, termed molecular chaperones (1) . A large number of molecular chaperones have now been identified in a variety of organisms and many have been shown to be identical to highly conserved heat shock proteins (HSPs) (e.g., refs. [2] [3] [4] [5] . Of the major classes of HSPs most is known about the HSP70 and HSP60 family members. A number of recent studies have addressed the role of the Escherichia coli HSP70 (DnaK) and HSP60 (GroEL) proteins in protein folding (6) (7) (8) . Thus Langer et al. (7) employed five purified bacterial HSPs (DnaK, DnaJ, GrpE, GroEL, and GroES) to develop a model system in which their interaction with progressively more complex folding intermediates results in the folding of a chemically denatured polypeptide into a functional tertiary structure. The data suggest that DnaK and DnaJ bind to nascent polypeptides as they emerge from ribosomes. In a reaction dependent upon GrpE, the partially folded polypeptide is passed onto GroEL and its co-chaperone GroES. After a series of ATP-dependent reactions involving binding and release, the polypeptide assumes its fully folded and functional state.
Much less is known about the functions molecular chaperones perform on existing cellular proteins. Pelham (9) suggested that HSP70 homologues may bind to proteins and prevent their aggregation. Support for this hypothesis has been provided by elegant in vivo experiments with DnaK, DnaJ, and GrpE mutants (10) and also by in vitro experiments in which a 60-fold molar excess of DnaK was shown to protect E. coli RNA polymerase from thermal inactivation (11) . DnaK binds to and recognizes relatively linear polypeptide conformations, whereas GroEL binds substrates with a higher degree of secondary structure (7, 12, 13 (17) to produce the plasmid pBS559, in which the expression of the groE genes is under control of the bacteriophage PR and PL promoters. E. coli AN1459 cells containing pBS559 were grown in 2-liter flasks in 800 ml of Luria broth medium (18) supplemented with thymine (25 ,utg/ml), glucose (12.5 (19) and then centrifuged at 30,590 x g for 1 hr. The resulting supernatant (1155 mg of protein) was fractionated with Polymin P (0.35%, wt/vol), and the resuspended protein pellet was subjected to standard chromatographic procedures (details available upon request) to yield about 210 mg of GroEL and about 15 mg of GroES. This preparation of GroEL and GroES is functionally intact and has been used for the reconstitution of chemically denatured omithine carbamoyltransferase (5) .
Additional Analytical Techniques. Pig heart mitochondrial MDH (Boehringer Mannheim) was assayed at 37°C at pH 6.8 in buffers containing 94.3 mM potassium phosphate, 0.2% bovine serum albumin (BSA), 9.4 mM trans-1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid, 645 uM oxaloacetic acid, 1 mM 1,4-dithiothreitol (DTT), and 4.7 ,uM NADH, by continuously monitoring the decrease in A340. SDS/12.5% PAGE with Tris/glycine buffer was carried out as described (20) and protein was determined by quantitative amino acid analysis and/or Coomassie brilliant blue staining with BSA as a standard (21) .
RESULTS
GroEL and GroES Protect MDH from Thermal Inactivation in an ATP-Dependent Manner. The mitochondrial citric acid cycle enzyme MDH is a homodimer of nuclear-encoded 35-kDa subunits which share 59% sequence identity with their E. coli counterparts (22) . MDH readily loses activity at 37°C and exhibits a first-order loss of activity with til2 -2 min at 51°C (23) . When incubated for 6 hr at 37°C with GroEL, GroES, and ATP ( Fig. 1 A and B) , MDH was relatively stable exhibiting a first-order loss of activity with a decay constant of 1.5 x 10-3 min-1. By contrast, the omission of either GroEL, GroES, or ATP resulted in loss of stabilization as indicated by an -6-fold increase in the decay constant ( Fig.  1 A and B) . Although there were small variations between experiments, comparison of a large number of independent experiments did not disclose any significant stabilizing effect of GroEL, GroES, or ATP alone. The increased stability of MDH in the presence of all three components could not be attributed to an increase in protein concentration, as this was kept comparable in all tubes by the addition of BSA ( Fig. 1  A and B) . Furthermore, incubation of MDH in the presence of excess BSA did not result in any increase in the stability of MDH (data not shown).
Although the inactivation of MDH in the presence of chaperones followed a first-order reaction for about 6 hr, extended incubation times revealed a biphasic decay resulting in larger than expected residual activity after 25 hr at 37°C (Fig. 2) . Thus, 58% residual activity was detected after 6 hr of incubation in the presence of a 4-to 5-fold molar excess of GroEL and GroES, whereas 45% residual activity was detected after 25 hr ofincubation. The reason for this repeatable phenomenon is not clear but could be related to the dimeric nature of MDH. Substitution of GTP (Fig. 2) or the nonhydrolyzable ATP analogue adenosine 5'-[,3,y-imido]triphosphate (data not shown) for ATP completely abolished stabilization. In separate experiments, we tried to protect MDH against thermal inactivation by using the chaperones DnaJ and DnaK at 3-and 7-fold molar excess, respectively, but protection was not observed, even in the presence of ATP (data not shown).
Substoichiometric Amounts of GroEL and GroES Are Sufficient for MDH Stabilization. To determine the minimum molar ratio of GroEL and GroES to MDH required for stabilization, MDH was incubated with ATP at 37°C in the presence of decreasing molar ratios of GroEL and GroES and assayed for residual activity at the indicated time points (Fig. 1C) . Molar ratios of GroEL and GroES to MDH as low as 1:4 were sufficient to support a large degree of stabilization (see apparent inactivation rates in the legend to Fig. 1C knowledge, the first demonstration that substoichiometric amounts of chaperones can provide stabilization (11, 24) .
GroEL Alone Protects MDH from Aggregation But Does Not Prevent Its Inactivation. During heat shock many newly synthesized and mature proteins are rendered enzymatically inactive as a result of insolubilization (25) . To determine whether the thermal inactivation of MDH was accompanied by aggregation, MDH was incubated at 37°C in the absence of chaperones and its aggregation state was determined by lowspeed centrifugation and subsequent SDS/PAGE analysis of the resulting pellets and supematants ( Fig. 3 A and B) . At zero time MDH was detectable only in the supernatant (Fig. 3A,  lanes 6 and 14) ; however, after incubation for 5.7 hr (-2% residual activity) MDH was barely detectable in the supernatant (Fig. 3B, lane 6 ) but prominent in the pelleted material (Fig. 3B, lane 14) . In contrast, when GroEL and GroES were present (ratio of GroEL and GroES to MDH, 0.8) aggregation of MDH was not observed (Fig. 3B, lane 10) . Although GroES is required for retention of MDH activity (see Fig. 1 ), it is not required to prevent aggregation of MDH (Fig. 3B, lanes 5 and  13) . Stabilization presumably involves continuous GroESdependent refolding of MDH previously captured in an inactive form on GroEL. Consistent with this model, we have found that MDH denatured in 6 M guanidinium chloride can be refolded only in the simultaneous presence of GroEL, GroES, and ATP (data not shown). MDH incubated in the presence of lysozyme (Fig. 3B, lanes 7 and 15) was found exclusively in the pellet after 5.7 hr of incubation, whereas BSA appeared to retard the aggregation slightly (Fig. 3B, lanes  5 and 12) . GroES in the presence of BSA did not appear to retard aggregation (Fig. 3B, lanes 11 and 12) .
Since all experiments shown in Fig. 3 A and B were performed in the presence of ATP, we next sought to determine whether GroEL alone could protect MDH from thermal aggregation. MDH was therefore incubated at 37°C with GroEL in the presence or absence of ATP and GTP, and the degree of aggregation was determined as described above (Fig. 3C) . After 5.7 hr the MDH was found exclusively in the supernatants regardless of the presence or absence of ATP or GTP. GroEL can thus keep an inactivated enzyme soluble for prolonged periods without continuous expenditure of energy. The solubility of MDH in the presence of GroEL and absence of GroES is almost certainly due to complex formation between GroEL and denatured MDH. This point was illustrated by incubating MDH at 37°C in the presence of GroEL but absence of GroES exactly as described in the legend to Fig. 3 . After 6 hr the sample had about 3% residual activity and was frozen at -20°C for 120 days. After thawing the 9) were also electrophoresed. Arrow denotes the position of MDH. All tubes had been prequenched with BSA. (B) As forA, except that mixtures were incubated at 37°C for 5.7 hr prior to centrifugation and electrophoretic analysis. (C) MDH (4.7 jg, 337 nM) was incubated at 37°C with GroEL (45 jig, 265 nM) in 38.4 mM Tris HCI, pH 7.6/1.4% glycerol/28 mM NaCl/7.6 mM KCI/5.4 mM MgCl2/1.5 mM DTT. Reaction vessels prequenched with BSA were fortified with ATP (1.5 mM) (lanes 4, 7, and 11) and GTP (1.5 mM) (lanes 3, 6, and 10). For lanes 2, 5, and 9 no nucleotides were added. At time zero (lanes 2-4) and 5.7 hr (lanes 5-7 and 9-11), mixtures were centrifuged and separated into supernatant (lanes 2-7) and pellet (lanes 9-11) fractions as described in A. Aliquots of supematants and pellets were analyzed by SDS/PAGE and Coomassie brilliant blue staining. Lane 1 contains MDH, and lanes 8 and 11 contain molecular size markers.
sample was fortified with an excess of GroES and a timedependent reactivation of MDH was observed, to the extent that 40o of the original MDH activity was recovered. By contrast, when MDH inactivated in the presence of DnaK was fortified with GroEL and GroES, no MDH activity was regained. It appears that GroEL sequesters inactive yet refoldable MDH and that this complex formation must take place before MDH aggregation has occurred.
DISCUSSION
The free energies of stabilization (AGndd = Gnative -Gdenatured) of globular proteins cluster within the narrow range of Proc. Natl. Acad. Sci. USA 90 (1993) (14, 26) . The relative instability of globular proteins reflects the biological requirement for protein turnover and for a delicate balance between rigidity and flexibility. Rigidity on the one hand ensures a well-defined protein structure and thereby specificity of interaction with substrates, while flexibility is a requirement for catalysis, allosteric transformations, and receptor activation. A costly consequence of evolutionary optimization of protein structure and function at the expense of stability is that many proteins undergo continuous denaturation under physiological conditions (14) . This raises the question as to how cells have evolved to cope with this problem. Pelham (9) suggested that HSPs would bind thermally damaged proteins and thereby prevent their aggregation. Although much evidence points to a role of HSPs in protection of cells against heat stress (27) , and heat shock gene expression is required for refolding of denatured proteins (10), little evidence has accumulated to demonstrate a direct role of the HSPs in protecting already folded polypeptides against thermal denaturation and aggregation (11, 24, 28) .
In this paper we have demonstrated that the chaperones GroEL and GroES in the presence of ATP prevent thermal inactivation of MDH very effectively for at least 24 hr. Both GroEL and GroES are required. An excess of alternative proteins of differing size and isoelectric point such as BSA and lysozyme afford no protection. The ATP requirement is also strict, as neither GTP nor adenosine 5'-[83,y-imido]-triphosphate can substitute for ATP. The obvious interpretation of our data is that the chaperonins recognize and bind to early unfolding intermediates and subsequently promote their refolding. A consequence of this ongoing chaperone activity is that the concentration of unfolded MDH is kept below the critical aggregation concentration whereby irreversible activity loss due to precipitate formation is prevented. It is important to note that prevention of aggregation is not a sufficient criterion for thermal protection against inactivation. This point is clearly demonstrated when MDH is incubated with GroEL in the absence of GroES and ATP (see Figs. 1 and 3) . Although precipitate formation is completely inhibited, protection against thermal inactivation was not observed. This finding is in agreement with an elegant study on a-glucosidase from yeast (28) but at variance with a recent study by Mendoza et al. (24) , who reported that GroEL alone could retard the thermal inactivation of rhodanese activity for at least 2 hr. The reason for this discrepancy is not clear. Since rhodanese requires GroES and ATP for refolding (6) , the phenomenon reported by Mendoza et (Fig. 4) . Our data and previous reports (24, 28, 36) (37, 38) . This is believed to be the central mechanism for the regulation of the heat shock response in E.
coli. In this regard it is interesting that GroEL is also phosphorylatable (39) and involved in the transcriptional regulation of the Vibriofischeri luminescence genes in E. coli due to its requirement for a functional LuxR transcriptional activator (40) .
The sequestration of partially unfolded polypeptides on the surface of GroEL does not necessarily lead to stabilization in a cellular context. In the absence of auxiliary components such as GroES the sequestered polypeptide may be an easily accessible target for proteases and thus subject to increased protein turnover, a critical feature of cellular adaptation to changes in their environment. This aspect of GroEL function has been addressed by in vitro studies which showed that newly imported mitochondrial proteins are extremely sensitive to protease degradation when associated with the mitochondrial GroEL homologue Hsp6O (41) and by in vivo studies which demonstrated that mutations in the heat shock genes dnaK, dnaJ, grpE, and groEL result in defective proteolysis of some abnormal proteins (42) .
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